We have recently established the socially monogamous prairie vole (Microtus ochrogaster) as an animal model with which to investigate the involvement of mesocorticolimbic dopamine (DA) in the amphetamine (AMPH)-induced impairment of social behavior. As the majority of our work, to date, has focused on males, and sex differences are commonly reported in the behavioral and neurobiological responses to AMPH, the current study was designed to examine the behavioral and neurobiological effects of AMPH treatment in female prairie voles. We used a conditioned place preference (CPP) paradigm to determine a dose-response curve for the behavioral effects of AMPH in female prairie voles, and found that conditioning with low to intermediate (0.2 and 1.0 mg/kg), but not very low (0.1 mg/kg), doses of AMPH induced a CPP. We also found that exposure to a behaviorally relevant dose of AMPH (1.0 mg/ kg) induced an increase in DA concentration in the nucleus accumbens (NAcc) and caudate putamen but not the medial prefrontal cortex or ventral tegmental area (VTA). Finally, repeated AMPH exposure (1.0 mg/kg once per day for 3 consecutive days; an injection paradigm that has been recently shown to alter DA receptor expression and impair social bonding in male prairie voles) increased D1, but not D2, receptor mRNA in the NAcc, and decreased D2 receptor mRNA and D2-like receptor binding in the VTA. Together, these data indicate that AMPH alters mesocorticolimbic DA neurotransmission in a region-and receptor-specific manner, which, in turn, could have profound consequences on social behavior in female prairie voles. 
Introduction
Drugs of abuse are thought to exert their powerful control over behavior, in part, through their effects on the mesocorticolimbic dopamine (DA) system (Kelley and Berridge, 2002; Nesse and Berridge, 1997; Nestler, 2004 Nestler, , 2005 Panksepp et al., 2002) , a neural circuit that consists of DA-producing cells that originate in the ventral tegmental area (VTA) and project to various forebrain regions, including the medial prefrontal cortex (PFC) and nucleus accumbens (NAcc). This highly conserved neural circuit, which plays an important role in the generation of adaptive goal-directed behaviors (Zahm, 2000) -including behaviors ubiquitous to all animals (e.g., feeding (Narayanan et al., 2010; Palmiter, 2007) ) and those that are species-specific (e.g., pair bonding in monogamous species (Aragona and Wang, 2009; Curtis et al., 2006; Young et al., 2010) ) -is significantly altered by exposure to drugs of abuse. For example, acute and/or repeated exposure to psychostimulant drugs of abuse, such as cocaine or amphetamine (AMPH), results in altered DA release, DA receptor expression and sensitivity, and neuronal morphology within mesocorticolimbic brain regions (Henry et al., 1989; Henry and White, 1995; Hu et al., 2002; Nestler, 2005; Pierce and Kalivas, 1997; Robinson et al., 2001 Robinson et al., , 1988 Robinson and Kolb, 1997; White and Kalivas, 1998) . It is thought that these neuroadaptations may underlie drug-induced alterations in animal behavior (Robinson and Becker, 1986) , including social behaviors (for review, see (Young et al., 2011) ). Recent work from our laboratory has established the prairie vole as an animal model to investigate the involvement of mesocorticolimbic DA in the effects of drugs of abuse on social behavior . Prairie voles are socially monogamous rodents that form preferences for a familiar partner (i.e., partner preferences) after extended cohabitation and/or mating (Insel et al., 1995; Williams et al., 1992; Winslow et al., 1993) , and mesocorticolimbic DA -particularly DA neurotransmission in the NAcc -is essential for this process (Aragona et al., 2003 Aragona and Wang, 2009; Curtis et al., 2006; Gingrich et al., 2000; Liu and Wang, 2003; Wang et al., 1999; Young et al., 2010) . Interestingly, exposure to AMPH significantly alters mesocorticolimbic DA activity and neurotransmission in male prairie voles. For example, a single AMPH injection significantly increased extracellular DA levels in the NAcc (Curtis and Wang, 2007) . Additionally, three days of AMPH exposure, which induced the formation of a conditioned place preference (CPP) when paired with an environmental context, altered DA receptor expression in the NAcc in a receptor-specific manner . Importantly, this same drug treatment inhibited the formation of mating-induced partner preferences, indicating that AMPH-induced alterations in mesocorticolimbic DA neurotransmission may underlie the AMPH-induced impairment of pair bonding in this species .
Although the studies described above have established the prairie vole as an excellent model with which to examine the AMPH-induced impairment of social bonding and its underlying neural mechanisms, they were conducted exclusively in males. Consequently, we know very little about the behavioral and neurobiological effects of AMPH in female prairie voles. Evidence exists to suggest that female prairie voles are more sensitive to AMPH than male prairie voles (Aragona et al., 2007) and studies in other species commonly report sex differences in both the behavioral and neurobiological effects of AMPH and other psychostimulant drugs of abuse (Becker and Hu, 2008; Fattore et al., 2008; Lynch, 2006) . For example, female rats show greater locomotor activity and a more rapid induction of behavioral sensitization in response to AMPH (Camp and Robinson, 1988) , acquire cocaine and methamphetamine selfadministration faster (Hu et al., 2004; Lynch, 2006; Lynch and Carroll, 1999; Roth and Carroll, 2004) , and demonstrate a higher degree of motivation to obtain psychostimulants (Roberts et al., 1989; Roth and Carroll, 2004) than males. Additionally, sex differences have been noted in the neurobiological response to psychostimulants, including differences in AMPH-induced DA release (Becker, 1990; Becker and Ramirez, 1981) , DA metabolism (Camp and Robinson, 1988) , and immediate early gene expression (Castner and Becker, 1996) . Investigating the neurobiological effects of AMPH in female prairie voles is therefore essential to fully establish the prairie vole model for studies examining the relationships between drugs of abuse, social behavior, and mesocorticolimbic DA.
The current study was designed to examine the behavioral and neurobiological effects of AMPH exposure in the female prairie vole. We used a CPP paradigm previously established in male prairie voles to examine the behavioral relevance of various doses of AMPH in females. As females tend to show a greater behavioral sensitivity to AMPH than males (Aragona et al., 2007; Becker et al., 2001; Camp and Robinson, 1988) , we hypothesized that female prairie voles would form a CPP at lower doses of AMPH than those reported for males. We also examined the effects of AMPH exposure on DA concentration and DA receptor gene expression and binding in various mesocorticolimbic brain regions. We hypothesized that AMPH exposure would alter DA concentration and DA receptor expression in a receptor-and regionspecific manner. Results from the current study will provide useful insight for future work that examines the effects of AMPH on social behavior in females of this species.
Results

Experiment 1: AMPH conditioning induced CPP
Experiment 1 established a dose-response curve for AMPHinduced CPP in female prairie voles. In order to ultimately compare the dose-response curve of females to males, we used a conditioning paradigm identical to that recently developed in male prairie voles . Subjects were randomly assigned into one of four experimental groups that were differentiated by the concentration of AMPH [0.0 (n = 20), 0.1 (n = 8), 0.2 (n = 12), or 1.0 mg/kg (n = 13)] they received during AMPH conditioning sessions (see Experimental procedures for details). All subjects were tested for the presence of a CPP in a drug-free state on the day following the final conditioning session. A CPP was defined by a significant increase in the time spent in the drug-paired cage during the post-test as compared to the pre-test. Subjects treated with saline alone [0.0 mg/kg; t (19) = 1.65; p < 0.12] or saline containing the lowest [0.1 mg/kg; t (7) = 1.89; p < 0.90] concentration of AMPH spent statistically equal amounts of time in the drug-paired chamber before and after conditioning and, therefore, did not form a CPP (Fig. 1A) . Instead, subjects treated with 0.2 [t (11) = 2.77; p < 0.02] or 1.0 mg/ kg [t (12) = 2.53; p < 0.03] AMPH displayed a robust CPP, as they spent significantly more time in the drug-paired chamber during the post-test than the pre-test (Fig. 1A) . No differences in locomotor activity were noted within or between groups either before or following drug treatment (Fig. 1B) .
2.2.
Experiment 2: AMPH treatment altered mesocorticolimbic DA concentration Experiment 2 examined the effect of a single AMPH treatment on DA concentration in select brain areas including the PFC, NAcc, caudate putamen (CP) and VTA ( Fig. 2A ). Subjects were randomly assigned into one of two experimental groups that received either a single i.p. injection of 0.9% saline (n = 6) or 1.0 mg/kg AMPH dissolved in saline (n = 6). This dose was chosen because it was sufficient to induce a CPP in female (Experiment 1) and male prairie voles (Aragona et al., 2007; Liu et al., 2010) , indicating its behavioral relevance for both sexes. All subjects were sacrificed 30 min after injection, and the concentration of DA in their brain tissue was measured using high performance liquid chromatography with electrochemical detection (HPLC-ECD).
A single AMPH treatment altered DA concentration in a region-specific manner within the mesocorticolimbic DA system (Fig. 2B ). Subjects treated with AMPH had a significantly higher concentration of DA in the NAcc [t (10) = 2.06; p < 0.03] and CP [t (10) = 2.07, p < 0.03] than did saline-injected controls. However, no group differences were found in the PFC [t (10) = 0.03; p < 0.49] or VTA [t (10) = 1.41; p < 0.09].
2.3.
Experiments 3 and 4: repeated AMPH exposure alters DA receptor mRNA expression and binding Experiments 3 and 4 examined the effects of repeated AMPH treatment on D1 receptor and D2 receptor mRNA expression and D1-like and D2-like receptor binding, respectively. Previous experiments in male prairie voles have demonstrated that repeated AMPH exposure (1.0 mg/kg once per day for 3 consecutive days) significantly alters DA receptor expression in the NAcc 24 h after the final injection and that this alteration may underlie the AMPH-induced impairment of social bonding . Therefore, we used this drug injection paradigm to investigate the neurobiological effects of repeated AMPH exposure in females. Subjects were randomly assigned into one of two groups that received i.p. injections of saline (control, n = 6) or saline containing 1.0 mg/kg AMPH (n = 8), once per day for three consecutive days. All subjects were sacrificed 24 h following the final injection. The densities of D1 receptor mRNA and D1-like receptor binding were measured in the NAcc and CP while D2 receptor mRNA and D2-like receptor binding were measured in the NAcc, CP and VTA. D1R mRNA and D1-like receptor binding were not measured in the VTA due to the lack of their presence in this brain region (Weiner et al., 1991) .
Repeated AMPH exposure altered DA receptor mRNA expression in a receptor-and region-specific manner. Subjects that received repeated AMPH treatment showed a significantly higher level of D1 receptor mRNA labeling in the NAcc [t (12) = 2.85; p < 0.01], but not the CP [t (12) = 1.96; p < 0.07], than saline-injected controls (Figs. 3A and B) . No group differences were found in D2 receptor mRNA labeling in either the NAcc [t (12) = 1.56; p < 0.14] or CP [t (12 Fig. 3 -The effects of repeated AMPH administration (1 mg/kg/day for 3 consecutive days) on dopamine receptor mRNA labeling in the female prairie vole. Repeated AMPH treatment increased D1 receptor (D1R) mRNA labeling in the nucleus accumbens (NAcc), but not the caudate putamen (CP) (A and B) . No group differences were found in the density of D2 receptor (D2R) mRNA labeling in either the NAcc or CP (C and D). However, AMPH-treated voles had significantly lower levels of D2R mRNA in the ventral tegmental area (VTA) than saline-treated controls (E and F). Data are presented as the percent mRNA optical density of the saline control mean. **p < 0.01. (Scale bars = 500 μm).
Discussion
The current study investigated the behavioral and neurobiological effects of AMPH exposure in female prairie voles.
Collectively, our data demonstrate that AMPH has dosedependent effects on behavior, increases DA concentration in the NAcc and CP, and alters DA receptor gene expression and binding in a receptor-and region-specific manner. These data may ultimately provide useful insight for future studies investigating the effects of AMPH on social behavior in females of this species. A CPP reflects a preference for an environmental context that has been paired with a primary reinforcer (Bardo and Bevins, 2000) -in this case, AMPH -and is often used as a behaviorally relevant, albeit indirect, measure of drug reward. Our results demonstrate that female prairie voles form a CPP after treatment with low to intermediate doses of AMPH. When compared to our recent results in male prairie voles that were attained using the same CPP paradigm , these data, together, demonstrate a leftward shift in the doseresponse curve for CPP in female prairie voles. Specifically, 0.2 mg/kg or higher doses of AMPH induced a CPP in females, whereas 1.0 mg/kg or higher doses of AMPH were required for the induction of a CPP in males . This leftward shift in the dose-response curve of females is consistent with a previous study in prairie voles that used a different conditioning paradigm (Aragona et al., 2007) , and suggests that females are more sensitive to the behavioral effects, and perhaps more vulnerable to the rewarding effects, of AMPH than males-a finding that has been consistently demonstrated in other species (Camp and Robinson, 1988; Hu et al., 2004; Lynch, 2006; Lynch and Carroll, 1999; Roberts et al., 1989; Roth and Carroll, 2004) and that may have important implications for the effects of AMPH on social behavior in female prairie voles.
In the present study, we also found that AMPH administration -at a behaviorally relevant dose (1.0 mg/kg) for female prairie voles -increased DA concentration in the NAcc and CP but not the PFC or VTA. These results indicate a region-specific AMPH-induced enhancement of DA concentration. As previous studies in a number of species have demonstrated the induction of extracellular DA release in the NAcc and CP shortly after AMPH injection (Cho et al., 1999; Clausing and Bowyer, 1999; Curtis and Wang, 2007; Di Chiara et al., 1993; Drevets et al., 2001) , the increased DA concentration in these regions in the present study may be due to an AMPH-induced enhancement of DA release. However, as DA concentration is also affected by DA synthesis and metabolism, this speculation needs to be tested in further experiments. Additionally, there was a noteworthy trend toward a decrease in DA concentration in the VTA following AMPH exposure in female prairie voles. Although this effect was not significant (p < 0.09), further experimentation is required to rule-in or rule-out an effect of AMPH on DA concentration in this brain region.
To further understand the neurobiological consequences of AMPH exposure in female prairie voles, we investigated the effects of repeated AMPH treatment on DA receptor mRNA expression and binding in various brain regions. We used an AMPH dose and injection paradigm that has recently been demonstrated to alter DA receptor expression and to impair social behavior in male prairie voles . Our data indicate that repeated AMPH exposure significantly increased the level of D1 receptor mRNA in the NAcc. A similar, but not significant (p < 0.07), effect was noted in the CP, indicating that AMPH may have effects on D1R mRNA expression in this region as well. Despite these changes in gene expression, AMPH exposure did not alter the level of D1-like receptor binding in the NAcc or CP. There are two types of D1-like receptors -D1 receptors and D5 receptors -both of which had the potential to be labeled by the D1-like ligand used in our receptor binding experiment. However, as D5 receptors are virtually nonexistent in the NAcc and CP (Missale et al., 1998; Tiberi et al., 1991) , our data suggest a lack of change, specifically, in D1 receptor protein levels. Similarly, previous reports in other rodent species have indicated that repeated exposure to AMPH or other psychostimulants does not reliably alter D1 receptor affinity or density in these brain regions (for review see (Pierce and Kalivas, 1997; White and Kalivas, 1998) ), despite enhancing the responsiveness of NAcc neurons to D1 receptor agonists for up to one month following drug treatment (Henry et al., 1989; White, 1991, 1995) . We also report no changes in D2 receptor mRNA or D2-like receptor binding levels in the NAcc or CP in female prairie voles following AMPH treatment, a finding consistent with those in rats and mice (Richtand et al., 1997; Sora et al., 1992) and the suggestion that NAcc D1 receptors play a greater role in the response to repeated AMPH exposure (Berke and Hyman, 2000) .
An interesting finding in the present study is that repeated AMPH treatment significantly decreased the levels of D2 receptor gene expression and D2-like receptor binding in the VTA of female prairie voles. D2 receptors in the VTA are located on somatodendritic regions of A10 DA neurons (DA projection neurons that originate in the VTA and project to mesocorticolimbic areas) (Aghajanian and Bunney, 1977; Mercuri et al., 1997; Oades and Halliday, 1987; White and Wang, 1984b) . These receptors function as autoreceptors and their activation leads to hyperpolarization of the cell membrane and the inhibition of cell firing (Mercuri et al., 1997 ) (for review see (Mercuri et al., 1992) ), diminishing the amount of DA released into target regions such as the NAcc (Usiello et al., 2000) . Accordingly, D2 receptor blockade or gene deletion results in a lack of A10 cell inhibition and a subsequent overflow of DA into the NAcc in response to a variety of stimuli (Mercuri et al., 1997; Rouge-Pont et al., 2002) . Therefore, the decrease in D2 receptors in the VTA noted in the present study may indicate an AMPH-induced down-regulation of somatodendritic autoreceptors in the female prairie vole. As autoreceptor density is inversely related to the rate of activity of A10 DA neurons (White and Wang, 1984a) , this effect may lead to enhanced DA release and neurotransmission in the NAcc. Similarly, previous research has demonstrated a subsensitivity of somatodendritic autoreceptors on A10 DA neurons after repeated psychostimulant exposure, resulting in increased spontaneous activity and basal firing rate of A10 DA cells (Henry et al., 1989 ) that may persist for days following the end of drug treatment (Ackerman and White, 1990) . It is important to note, however, that both D2 and D3 receptors are expressed in the VTA and localized presynaptically on dopaminergic neurons (Diaz et al., 1995; Mercuri et al., 1997) , indicating that the current decrease in D2-like receptor binding could be attributed to changes in either or both receptor subtypes. Knowledge of the specific receptor subtype affected by AMPH exposure is important for our data interpretation, as D2, but not D3, receptors, are necessary for the autoreceptor inhibition of DA neurons (Mercuri et al., 1997; Rouge-Pont et al., 2002) . Still, as D3 receptor expression is extremely low in the VTA relative to that of D2 receptors (Bouthenet et al., 1991) , and spiperone shows a higher affinity for the D2 than the D3 receptor (Missale et al., 1998) , it is likely that the current effects on D2-like receptor binding represent a specific decrease in the levels of D2, rather than D3 receptors.
While the neurobiological effects of repeated AMPH exposure in females show some similarities with those found previously in male prairie voles , two important differences are evident. First, although AMPH experience increased D1 receptor mRNA in the NAcc in both sexes, the functional consequences of this increase in gene transcription was only retained in males (i.e., females did not show any changes in D1-like receptor binding levels whereas AMPH increased NAcc D1 receptor protein levels in males). These differences may be due to the use of different quantitative techniques to detect these functional consequences (i.e. receptor binding was used in females whereas Western blotting was used in males) or may indicate sexspecific effects of repeated AMPH treatment on D1 receptors within the NAcc of prairie voles. Secondly, AMPH treatment had no effects on D2 receptor mRNA expression in the VTA in male prairie voles , but significantly decreased it, as well as D2 receptor binding levels, in females-further suggesting that the neurobiological effects of AMPH are sex-specific. This idea is supported by findings in other species that indicate sex differences in gene expression following AMPH treatment (Castner and Becker, 1996) .
AMPH-induced alterations in the mesocorticolimbic DA system may have important consequences on social behavior in prairie voles. As aforementioned, adult male and female prairie voles form enduring pair bonds after mating (Carter et al., 1995; Williams et al., 1992; Winslow et al., 1993) and NAcc DA regulates this behavior in both sexes in a receptorspecific manner: D2-like receptor activation facilitates and D1-like receptor activation inhibits partner preference formation (Aragona et al., 2003 Aragona and Wang, 2009; Gingrich et al., 2000; Liu and Wang, 2003; Wang et al., 1999) . As such, AMPH-induced changes in mesocorticolimbic brain regions, including those reported here, could have profound consequences on pair bonding behavior in the prairie vole. In males, for example, AMPH-induced increases in D1-like receptors in the NAcc are thought to underlie the AMPH-induced impairment of partner preference formation , as NAcc D1 receptor activation inhibits mating-induced partner preferences . Additionally, the pharmacological blockade of D1 receptors during AMPH treatment dosedependently eliminated the AMPH-induced impairment of partner preference formation, further indicating that AMPH may impair pair bonding through a D1 receptor-mediated mechanism . In females instead, due to the lack of autoreceptor inhibition implied by the current findings (i.e., decreased D2 receptor expression in the VTA), matinginduced DA release in the NAcc would likely be enhanced in AMPH-treated voles. As robust elevations in DA concentration activate low affinity D1 receptors (Richfield et al., 1989) , this neuroadaptation may have important behavioral consequences on social bonding in females.
In conclusion, the current study demonstrates that a behaviorally relevant dose of AMPH alters DA concentration and receptor expression within the mesocorticolimbic DA system of female prairie voles, a key circuit involved in the monogamous social behavior of this species. These results provide a foundation for future studies in female prairie voles to examine the effects of AMPH on pair bonding and the involved neurochemical mechanisms.
4.
Experimental procedures
Animals
Captive-bred female prairie voles (Microtus ochrogaster) descended from populations in southern Illinois were weaned at 21 days of age and then housed in same-sex sibling pairs in plastic cages (29 × 18× 13 cm) containing cedar chip bedding. They were maintained on a 14:10 light:dark cycle (lights on at 0700 h) with ad libitum access to food and water. Temperature was maintained at 21± 1°C. All animals used in this study were between 90 and 120 days of age. Experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee at Florida State University.
Conditioned place preference paradigm
The CPP apparatus was identical to that previously described and consisted of two plastic cages that were visually distinct (white vs. black) and connected to one another by a hollow tube (Aragona et al., 2007; Liu et al., 2010) . We used a conditioning paradigm recently developed in male prairie voles . Briefly, all subjects were given a 30 min pre-test on day 1 and the amount of time spent in each cage was quantified. The cage in which an individual spent less time during the pre-test was designated as the drug-paired cage and the other was designated as the saline-paired cage. Conditioning occurred during two 40 minute sessions each day for the next three days (days 2-4). During the morning sessions (0900 h) subjects received intraperitoneal (i.p.) injections of 0.0, 0.1, 0.2, or 1.0 mg/kg d-AMPH sulfate (Sigma, St. Louis, MO, USA) dissolved in saline, immediately before being placed into the drug-paired cage. During the afternoon sessions (1500 h), subjects received an i.p. injection of saline immediately before being placed into the saline-paired cage. This two trial per day training schedule has been employed in rats (Campbell and Spear, 1999; Zhou et al., 2010) and was used in our previous study in male prairie voles . Further, this paradigm was chosen because our pilot data indicated no differences in behavior between subjects treated with counterbalanced and fixed injection/conditioning paradigms (unpublished data) and because standardized injection and tissue collection schedules were important for the measurement of DA marker expression in subsequent experiments as well as for direct comparisons with data from male prairie voles . On day 5, all subjects were tested for the presence of a CPP in a 30 min posttest. The number of times that animals crossed between cages was recorded during the pre-and post-test and used as an index of locomotor activity.
Tissue preparation
Subjects were rapidly decapitated 30 min after injection in Experiment 2 and 24 h following the final injection in Experiments 3 and 4. Their brains were quickly removed and immediately frozen on dry ice, before being stored at −80°C.
Brains from Experiment 2 were sectioned coronally at 300 μm and sections were thaw-mounted onto Superfrost/plus slides. The Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998) was used to identify various brain regions, including the PFC (Plates 8-10), NAcc (Plates 9-11), CP (Plates 10-12) and VTA (Plates 40-43), from which bilateral tissue punches of a 1 mm diameter were taken ( Fig. 2A ) and stored at −80°C until processed. Although not a mesocorticolimbic brain region, the CP was included in our analysis because it, like the NAcc and PFC, receives DAergic input from the VTA (Oades and Halliday, 1987) but does not appear to be involved in the DAergic regulation of prairie vole partner preference formation (Aragona et al., 2003 Liu and Wang, 2003) . For Experiments 3 and 4, brains were cut coronally into 10 sets of 14 μm sections that were thaw-mounted onto Superfrost/plus slides.
DA extraction and HPLC-ECD analysis
DA extraction was performed as described previously (Aragona et al., 2002) , except that tissue samples were sonicated in 50 μL of 0.1 M perchloric acid with 0.02% EDTA. DA concentration was assessed using high performance liquid chromatography with electrochemical detection (HPLC-ECD) as described previously with the following exceptions. The mobile phase consisted of 75 mM sodium dihydrogen phosphate monohydrate, 1.7 mM 1-octanesulfonic acid sodium salt, 0.01% triethylamine, 25 um EDTA, and 7% acetonitrile and the pH was adjusted to 3.0 with 85% phosphoric acid. The flow rate was 0.5 ml/min. The standard curve and peak area were calculated as described previously (Aragona et al., 2003) . The detection limit was~10 pg per sample.
4.5.
In situ hybridization for D1 and D2 receptor mRNA
Alternate sets of brain sections from Experiment 3 were processed for in situ hybridization labeling of DA receptor mRNA. Antisense and sense riboprobes (generously provided by Dr. O. Civelli at the University of California, Irvine, CA), were used for D1 and D2 receptor mRNA labeling and prepared as previously described . Probes were labeled individually at 37°C for 1 h in a transcription-optimized buffer consisting of 0.5 μg/μl of the respective DNA template, [
35 S]-CTP, 4 mM of ATP, UTP, and GTP, 0.2 M dithiothreitol (DTT), RNasin (40 U/μl), and RNA polymerase (20 U/μl). The DNA template was then digested with 1 U/μl DNaseI. Probes were purified using Chromatography Columns (Bio-Rad, Hercules, CA) and then diluted in hybridization buffer comprised of 50% deionized formamide, 10% dextran sulfate, 3× SSC, 10 mM sodium phosphate buffer (PB, pH 7.4), 1× Denhardt's solution, 0.2 mg/ ml yeast tRNA, and 10 mM DTT to yield 5 × 10 6 cpm/ml.
Brain sections were fixed in 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) at 4°C for 20 min, rinsed in PBS for 10 min, and treated with 0.25% acetic anhydride in triethanolamine (pH 8.0) for 15 min to reduce non-specific binding. Slides were then washed in 2× saline sodium citrate (SSC), dehydrated through increasing concentrations of ethanol (ETOH) (70, 95, and 100%), and air-dried.
Each slide received 100 μl hybridization solution containing the appropriate 35 S-labeled probe, was cover-slipped and then incubated at 55°C in a humidified chamber overnight. After incubation, cover-slips were removed in 2× SSC, slides were washed twice in 2× SSC for 5 min and then washed at 37°C for 1 h in RNase buffer (8 mM Tris-HCl, 0.8 mM EDTA, and 0.4 M NaCl, pH 8.0) containing 25 mg/ml RNaseA. Next, slides were washed in decreasing concentrations of SSC (2× SSC, 1× SSC, and 0.5× SSC) for 5 min each and were incubated in 0.1× SSC at 65°C for 60 min. Finally, slides were brought to room temperature, dehydrated through increasing concentrations of ETOH, and air-dried. Sections were apposed to BioMax MR film (Kodak, Rochester, NY) for different time periods, depending on the probe and region of interest, to generate optimal autoradiograms. For the NAcc and CP, D1R and D2R mRNA labeled sections were apposed to film for 14 and 60 h, respectively, while sections labeled for D1-like and D2-like receptor binding were apposed for 15 and 6.5 h, respectively. For the VTA, sections labeled for D2R mRNA were apposed for 60 h and those labeled for D2-like binding were apposed for 40 h. A sense RNA control was also tested for each probe and yielded no labeling, as expected.
4.6.
DA receptor autoradiography 2′-iodospiperone were obtained from PerkinElmer (Waltham, MA). DA receptor autoradiography was performed as described previously .
Data analysis
For Experiment 1, a CPP was defined by a significant increase in time spent in the drug-paired cage during the post-test as compared to the pre-test, as measured by a paired t-test.
Locomotor activity was analyzed using a two-way repeated measures ANOVA comparing pre-vs. post-test locomotion (within-subject variable) and locomotion by treatment (between-subject variable). For Experiment 2, DA concentration of each sample was normalized using the total protein concentration of that sample to control for the amount of tissue collected. The normalized value of DA concentration (pg/μg tissue) was then converted to percent of the mean DA concentration of the saline control. For each brain region, the percent DA concentration between groups was compared with a t-test. In Experiments 3 and 4, autoradiograms were analyzed for the optical densities of mRNA labeling or receptor binding in the NAcc, CP and VTA using a computerized image program (NIH IMAGE 1.60) (the PFC was not included in analysis as this region showed no response to AMPH treatment in Experiment 2). The rostral/caudal extent of image analysis for the NAcc, CP and VTA was the same as described for Experiment 2. Neuroanatomical distinction between the NAcc and CP was made using the Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998 ) as a guide, referencing both the shape of the labeling and the location of the anterior commissure. Sections for each brain area were anatomically matched between subjects, and individual means for each subject were obtained by measuring optical density bilaterally in three sections from each brain region per animal. The background density was subtracted from the measurement of each section. The final optical densities were converted to percent of the saline control mean. Group differences in mRNA or binding levels within brain region were analyzed for each DA receptor using a t-test. The significance level was set at p <0.05.
